Atria1 length-tension curves were determined by stretching the segment of atria1 muscle between the feet of the gauge by known increments, and recording force at each length. The initial length (Lo) was taken as that length at which both the resting and active tensions of the segment under study approached zero in relation to the remainder of the atrium. In each length-tension curve the atria1 segment was increased to a length which exceeded LO by approximately 70%. After several such curves were obtained in succession, the strain gauge was adjusted so that the length of the segment of atrium beneath the gauge was stretched to the peak of the lengthactive tension curve and all subsequent measurements were carried out at this length. The effects on atria1 force of changing the frequency of atria1 contraction were measured and the effects of bilateral common carotid artery occlusion were then determined.
The effects on atria1 force of suddenly elevating the pressure in the proximal aorta and its branches were studied by inflating the aortic balloon.
In order to assess the relative contributions of the vagus nerves to these responses, the vagi were sectioned in the neck and the effects of carotid occlusion and balloon inflation again determined. The effects on atria1 force of sequential stimulation of the left stellate ganglion and the distal ends of the right and left vagi were then determined using stimuli of 3-5 v, a frequency of 2-4/set, and a duration of 4-5 msec. The effects on atria1 force of various pharmacological interventions were then studied by injecting I-IO pg isoproterenol, 0.25-0.50 g CaC12, and 0.50 mg acetylstro- 
phanthidin.
The animals were then sacrificed and the segments of atria1 muscle between the feet of the strain gauges isolated and weighed.
The cross-sectional area of the muscle segment was calculated by dividing the weight of the segment by its length at the peak of the active tension curve, and all results were expressed in terms of grams force per square millimeter.
RESULTS

I. Length-Tension Relations
Length-tension curves were obtained from the right atria of I 4 dogs and from the left atria of 8 (Fig. 2) muscle length, with maximum active tensions ranging from 2.5 to 5.5 g/ mm2 at muscle lengths which exceeded LO by 50-60%; beyond this point, a further increase in muscle length resulted in a decline in active tension. The length-resting tension curves demonstrated gradually increasing tensions up to lengths which exceeded LO by approximately 40% and steeper increases in tension occurred with further extensions. Although length-tension curves were always reproducible in any animal, repositioning of the gauge on the atrium often resulted in some variation of the curves. For this reason no specific attempt was made to compare the absolute data obtained from the two atria in any one animal. However, no gross differences in the length-resting tension or length-active tension curves were observed between the two atria.
II. Heart Rate
The frequency of atria1 contraction was progressively increased above sinus frequency by right atria1 stimulation in nine animals, five with a right atria1 gauge, one with a left atria1 gauge, and three with gauges attached to both atria. No consistent change in the peak force developed by either atrium occurred over heart rates ranging from I 50 to 240 beats/min (Fig. 3 ).
III. Pharmacological Interventions
A. Isoproterenol. Isoproterenol, 5.0 pg, was given to seven animals in which arterial pressure was kept constant; in two animals heart rate was also maintained constant.
This drug always resulted in an increase in atria1 force averaging 31 f 8.2 % of control. It was observed that the increase in atria1 force was dose dependent (Fig. 4) . In one dog, in which comparisons were made of atria1 and ventricular force changes, it was observed that identical doses resulted in increments in the force of atria1 contraction which were less than but of the same order of magnitude as the increments in ventricular force (Fig. 4B) .
B. Calcium. The injection of 0.40 g calcium chloride resulted in an increase in atria1 force in each of the five dogs to which it was administered (Fig. 5) , averaging 42 f I 1.5 %. In each animal mean arterial pressure was held constant and in two the heart rate, as well, was not permitted to change. Since the time from the onset of the rise to the peak in atria1 force was constant, an increase in the rate of atria1 force development occurred. C. Acetylstrophanthidin.
Acetylstrophanthidin, in a dose of 0.5 mg, increased the force of atria1 contraction by 41 f I I .3 % of control in the seven animals studied (Fig.  6 ). In addition, the rate of atria1 force development also increased. Arterial pressure was held constant in each of the seven experiments and heart rate in three of them. right atria1 force, averaging 31 % (Fig. 7A, left) . Left atria1 force was measured simultaneously in four of these dogs and increased by a similar amount.
IV. Responses to Autonomic Stimulation
Stimulation of the distal end of the right vagus nerve, with the frequency of atria1 contraction held constant, resulted in a decline in right atria1 force in each of nine animals, which averaged 41 % of control. In five of these animals left atria1 force was measured simultaneously and a smaller decrease, averaging I g %, was observed (Fig. 7A, center) . Stimulation of the left vagus nerves in these same dogs resulted in decreases of both right and left atria1 force which were smaller than those observed during stimulation of the right nerve (Fig. 7B) , and which averaged 18 and 6 %, respectively (Fig. 7A, right) . B. Carotid occlusion and baroreceptor hypotension. Carotid occlusion in 18 animals resulted in increases in right atria1 force in every instance, averaging 21 % (Fig. 8,  left) . All of these dogs had intact vagus nerves and heart rate was held constant in eight of them. Along with this augmentation of atria1 force, an increase in the rate of development of atria1 force was observed, with little perceptible change in the a wave of the right atria1 pressure pulse (Fig. gA) . Following vagotomy, the effects of carotid occlusion were redetermined in nine animals, and similar increases, averaging 22 %, were observed (Figs. 8, left, and respectively, and were always associated with decreases in atria1 force (Fig. 8, center and right) . Before vagotomy, balloon inflation in IO animals resulted in a decrease in right atria1 force which averaged 31 %, whereas after vagotomy the decrease was significantly smaller (P < .05) and averaged 19 %. Left atria1 force decreased by an average of 26% before vagotomy and 12 % afterward, a difference which was also significant (P < .05). Elevating arterial pressure with an infusion of blood in two dogs always resulted in an increase in mean right atria1 pressure, little change in the height of the a wave, a fall in right atria1 force averaging 35% of control, and a decline in the rate of atria1 force development (Fig. IO) .
DISCUSSION
In the present study, the force of atria1 contraction was determined directly in vivo, and the results indicate that (R.A.) and of left atria1 (L.A.) force and aortic pressure (Ao. press.) before and during right vagal nerve stimulation (left panel) and left vagal nerve stimulation (right panel). While the absolute pressures generated by the atria are far less than those produced by the ventricles, it is of interest that the maximum force that can be generated by either atria1 or ventricular myocardium is quite similar, when appropriate corrections are made for differences in the cross-sectional areas of these tissues. Thus, maximum active tensions ranging from 2 to 6 g/ mm2 have been observed for segments of ventricular muscle studied in vitro (I, 35) , as compared with the present findings of 2.5-5.5 g/mm2 for the atria. Further, similar degrees of muscle extension of 50-60% above LO are required for the production of this maximum force, and extension of length beyond this point results in a decrease in actively developed tension in both atria1 and ventricular muscle (3, 35) . Also, the length-resting tension curves for both forms of myocardium are similar, with a precipitous rise in resting tension noted as maximum active tension is approached atria, like the ventricles, possess an intrinsic mechanism which might be expected to augment the force of contraction in those situations associated with an increased venous return, while the decrease iri force resulting from distension of the atria above the peak of the lengthactive tension curve can serve as one basis for the development of atria1 failure (9, IO, 25).
WILLIAMS, SONNENBLICK, AND BRAUNWALD
In addition to the adaptability afforded to atria1 function by virtue of the operation of the Frank-Starling mechanism, the ability to modify atria1 contractile force at any given muscle length provides the second basic mechanism for the control of the performance of the atria. Whereas increasing heart rate has been shown to exert a positive inotropic effect on the myocardium in many animals, this has not been observed in all species, and differences in the force-frequency relation between the atria and ventricles of the same species have also been observed (6). Although the force of contraction of a canine atria1 preparation studied in vitro has been found to fall with increasing frequency of stimulation over the range of heart rates explored in the present study (22) , we observed no consistent changes in this investigation carried out on the intact dog heart. Thus, the classic Bowditch staircase phenomenon, in which increasing frequency is associated with an increase in the force of contraction (8), would appear to play no role in the function of the atrium in the intact dog, between rates of 150 and nqo/min.
It must be emphasized that only a limited frequency range was explored in this study and no conclusions concerning the force-frequency relation at rates below 150 or above rJo/min are possible. Although all of the interventions included some experiments in which heart rate was maintained constant, the relative constancy of atria1 force observed when atria1 rate was changed suggests that alterations in contraction frequency per se cannot account for the large observed changes in the force of atria1 contraction which occurred during the other interventions in which relatively small changes in heart rate occurred.
The administration of isoproterenol, calcium, and acetylstrophanthidin, drugs which exert positive inotropic actions on the ventricles, was found to have similar effects on the atria. In the case of isoproterenol the effects on the atria and ventricles appear to be quantitatively similar (Fig. 4-B) . These results are in agreement with earlier studies using isolated strips of atria (11, 17, 33, 37) , and our observations with isoproterenol are also consonant with those of West, who utilized a Walton-Brodie strain-gauge arch to study the effect of intracoronary isoproterenol on the atria1 force of the dog (39).
It was shown that atria1 contractile force may be influenced profoundly by autonomic activity, and that these changes can be elicited either by direct or reflex stimulation of the vagal and sympathetic nerves. These It is presumed that the afferent limbs of these reflexes arise from baroreceptors located in the carotid sinuses and aortic arch. Carotid occlusion, which increases ventricular contractile force reflexly by sympathetic stimulation (15, rg), also produced significant increases in atria1 force which were not dependent on an increase in adrenal medullary secretion. It must be recognized that during carotid occlusion with the vagi intact the pressure acting on the baroreceptors in the aortic arch actually increased, and presumably this affected the reflex response of the atria. However, increases in atria1 force were also seen in the animals in which generalized arterial hypotension was produced by the intravenous administration of nitroglycerin. Under the conditions in these experiments, the increase in atria1 force during carotid occlusion or after nitroglycerin would appear to be effected primarily by sympathetic stimulation of the atria1 myocardium rather than withdrawal of vagal inhibitory influences, since quantitatively similar changes were observed in animals before and after vagal section. In contrast, arterial hypertension, whether produced by balloon inflation in the aorta or by the infusion of blood, caused a marked decrease in the force of atria1 contraction (Fig. IO) . Since, under the conditions of these experiments, the decrease in force after vagotomy was approximately half of that which occurred before vagotomy, in contrast to the effects of baroreceptor hypotension, the decrease in atria1 force during baroreceptor hypertension appeared to be due to enhancement of vagal inhibitory impulses as well as to withdrawal of sympathetic stimulation. Although the atria are relatively thin-walled structures which are not required to generate large pressures, it is apparent that under normal conditions they should not be relegated a purely passive role as mere reservoirs of blood (20) . On the contrary, it appears that these chambers are capable of developing forces similar to those produced by ventricular myocardium, when differences in muscle mass are considered.
Also, it is clear that both physiologic and pharmacologic mechanisms exist through which the force of atria1 contraction can be altered. The initial length of the contracting muscle, agents with known positive inotropic actions, and both divisions of the autonomic nervous system have all been shown to affect significantly the development of atria1 force. Since the force of atria1 contraction may contribute significantly to ventricular filling, especially in pathological states (IO), the ability to alter this force may represent another mechanism which permits the heart to adapt to those situations requiring changes in cardiac performance.
